To prospectively compare the agreement of left ventricular volumes and ejection fraction by M-mode echocardiography (echo), 2D echo, radionuclide ventriculography and cardiovascular magnetic resonance performed in patients with chronic stable heart failure. It is important to know whether the results of each technique are interchangable, and thereby how the results of large studies in heart failure utilizing one technique can be applied using another. Some studies have compared cardiovascular magnetic resonance with echo or radionuclude ventriculography but few contain patients with heart failure and none have compared these techniques with the current fast breath-hold acquisition cardiovascular magnetic resonance.
Aims
To prospectively compare the agreement of left ventricular volumes and ejection fraction by M-mode echocardiography (echo), 2D echo, radionuclide ventriculography and cardiovascular magnetic resonance performed in patients with chronic stable heart failure. It is important to know whether the results of each technique are interchangable, and thereby how the results of large studies in heart failure utilizing one technique can be applied using another. Some studies have compared cardiovascular magnetic resonance with echo or radionuclude ventriculography but few contain patients with heart failure and none have compared these techniques with the current fast breath-hold acquisition cardiovascular magnetic resonance.
Methods and Results
Fifty two patients with chronic stable heart failure taking part in the CHRISTMAS Study, underwent M-mode echo, 2D echo, radionuclude ventriculography and cardiovascular magnetic resonance within 4 weeks. The scans were analysed independently in blinded fashion by a single investigator at three core laboratories. Of the echocardiograms, 86% had sufficient image quality to obtain left ventricular ejection fraction by M-mode method, but only 69% by 2D Simpson's biplane analysis. All 52 patients tolerated the radionuclude ventriculography and cardiovascular magnetic resonance, and all these scans were analysable. The mean left ventricular ejection fraction by M-mode cube method was 39 16% and 29 15% by Teichholz M-mode method. The mean left ventricular ejection fraction by 2D echo Simpson's biplane was 31 10%, by radionuclude ventriculography was 24 9% and by cardiovascular magnetic resonance was 30 11 . All the mean left ventricular ejection fractions by each technique were significantly different from all other techniques (P<0·001), except for cardiovascular magnetic resonance ejection fraction and 2D echo ejection fraction by Simpson's rule (P=0·23). The Bland-Altman limits of agreement encompassing four standard deviations was widest for both cardiovascular magnetic resonance vs cube M-mode echo and cardiovascular magnetic resonance vs Teichholz M-mode echo at 66% each, and was 58% for radionuclude ventriculography vs cube M-mode echo, 44% for cardiovascular magnetic resonance vs Simpson's 2D echo, 39% for radionuclide ventriculography vs Simpson's 2D echo, and smallest at 31% for cardiovascular magnetic resonanceradionuclide ventriculography. Similarly, the end-diastolic volume and end-systolic volume by 2D echo and cardiovascular magnetic resonance revealed wide limits of agreement (52 ml to 216 ml and 11 ml to 188 ml, respectively).
Introduction
The assessment of cardiac volumes and ejection fraction has valuable diagnostic, prognostic and therapeutic implications for patients suffering from left ventricular dysfunction [1] [2] [3] [4] [5] [6] [7] . With the increased recognition of the process of cardiac remodelling, and the advent of therapeutic interventions to mediate this, single or multiple estimates of volumes and ejection fraction are frequently used to assess an individual's need for and response to treatment. Furthermore, many therapeutic trials use these parameters as a threshold for randomization or as a primary outcome measure. Currently, the three commonly used non-invasive methods are echocardiography (echo), radionuclide ventriculography and cardiovascular magnetic resonance.
Echocardiography has been widely used as it is readily available and non-invasive. It does, however, suffer a number of limitations. M-mode echo is acoustic window and operator dependent and relies on geometric assumptions that do not hold true in patients with dilated, remodelled ventricles [8] . The assumption that a single segment is representative of the entire left ventricular is particularly problematic in patients with wall motion abnormalities [9] . 2D echo overcomes some of these problems but still extrapolates data from a limited sampling of the left ventricle and is highly dependent on good endocardial border definition.
Radionuclide ventriculography has been established as a useful measure of left ventricular ejection fraction [10, 11] , but is usually based on projection imaging and hence is affected by varying attenuation between anterior and posterior walls, is subject to background subtraction errors and is less appealing for sequential studies due to the need for repeated use of gamma radiation.
Cardiovascular magnetic resonance provides an assessment of left ventricular volumes and ejection fraction that is free of geometric assumptions and ionizing radiation. Cardiovascular magnetic resonance is becoming more available and faster and breath-hold acquisition sequences now require significantly less time than radionuclide ventriculography [12] . This had led to the increasing use and publication of data and recommendations derived from cardiovascular magnetic resonance based studies.
Much work has centred on the accuracy and reproducibility of each technique [11, [13] [14] [15] , but few studies have compared the techniques directly. Ultimately the choice of technique for a clinician is based on local availability.
It is, therefore, important to know how interchangeable the results of each technique are, and thereby how uniformly the results of large studies utilizing one technique can be applied. Previously published reports suggest that 2D echo and radionuclide ventriculography are equally acceptable methods of comparing left ventricular ejection fraction [16] [17] [18] . This, however, was based on correlation coefficients, but correlation can occur without agreement [19] [20] [21] . Subsequent work was published on the agreement (using Bland-Altman Analysis) between 2D echo and radionuclide ventriculography [22] . Some studies have compared cardiovascular magnetic resonance with echo [23, 24] , or radionuclide ventriculography [25, 26] , but few contain patients with heart failure and the only published study of ejection fraction by all three techniques did not use the currently accepted method of cardiovascular magnetic resonance volume analysis and did not perform Bland-Altman analysis [27] . We therefore prospectively compared the agreement of M-mode echo, 2D echo, radionuclide ventriculography and cardiovascular magnetic resonance performed in patients with chronic, stable heart failure. We also analysed the available published data comparing these techniques.
Methods

Patients
Fifty-two consecutive patients who were recruited for the cardiovascular magnetic resonance substudy of the CHRISTMAS (The Carvedilol Hibernation Reversible Ischaemia Trial; Marker of Success) trial were included in this study [28, 29] . Patients came from two of the participating centres. Patients were included if they had chronic, stable heart failure (NYHA grade I-III) due to systolic dysfunction, were receiving optimized treatment (including an ACE inhibitor) and if their echo views were sufficient for the performance of wall motion analysis. Patients with atrial fibrillation or severe valvular disease were excluded from the trial. Patients underwent 2D echo, radionuclide ventriculography and cardiovascular magnetic resonance within the initial 4 week screening period (Fig. 1) . There was no change in medication or clinical condition between each scan. The echo and nuclear imaging were performed at two centres, and all cardiovascular magnetic resonance scans at one centre. All analysis was performed by a single investigator in the respective echo, radionuclide ventriculography or cardiovascular magnetic resonance core-lab to maintain quality control and minimize variability. The study was approved by the ethics committee of both centres and written consent was obtained.
Echocardiography
M-mode and two dimensional echocardiography was performed by experienced operators. A standardized imaging protocol was adopted with cross-sectional imaging of the left ventricle immediately distal to the mitral valve tips and apical two-dimensional imaging based on orthogonal four-and two-chamber views. M-mode measurements applied the leading edge to leading edge principle as recommended by the American Society of Echocardiography [30] . M-mode left ventricular ejection fraction based on the cubed method was equal to (end-diastolic volume end-systolic volume)/ end-systolic volume where the end diastolic volume= EDD 3 and end-systolic volume=ESD 3 . M-mode left ventricular ejection fraction was also calculated using the Teichholz correction [31] , where end-diastolic volume=7/(2·4+EDD) EDD 3 and end-systolic volume=7/(2·4+ESD) ESD 3 . 2D echo left ventricular ejection fraction was also evaluated by Simpson's biplane method of discs with manual planimetry of the endocardial border in enddiastolic (largest) and end-systolic (smallest) frames [32] . All measurements were made at the core laboratory from videotape recordings. Volumes were calculated from three cardiac cycles disregarding ectopic and postectopic beats with derivation of left ventricular ejection fraction.
Radionuclide ventriculography
In vivo labelling was performed using stannous pyrophosphate and 800 MBq pertechnetate and data were acquired in the left anterior oblique view with the patient in the supine position. Parameters included: ECG gating with a 10% window, photopeak 140 KeV, 20% window with no offset, 64 64 matrix, 3-4 mm pixel size, 32 frames and acquisition to 5 million counts. Left ventricular ejection fraction was calculated by dividing the background-corrected difference in endsystolic (minimum) and end-diastolic (maximum) counts by the end-diastolic counts.
Cardiovascular magnetic resonance
All subjects were imaged by one investigator at one centre using a Picker Edge 1·5 T scanner (Picker, Cleveland, OH, U.S.A.), a body coil and electrocardiogram (ECG) triggering. The cardiac short axis was determined from three scout images: transverse, vertical long axis and breath-hold diastolic horizontal long axis.
The basal short axis slice was positioned just forward of the atrioventricular ring, and all subsequent breath-hold cines were acquired in 1 cm steps towards the apex. A breath-hold segmented gradient echo fast low-angle shot (FLASH) sequence was used for each of the contiguous short axis slices. Parameters were as follows: echo time (TE) 3·8 ms, repeat time (TR)=RR interval, slice thickness 10 mm, field of view 35 35 cm, read matrix 256, phase matrix 128, frames 16, flip angle 35 , phase encode group 6-10. An average of 10 short axis segments was needed to encompass the entire left ventricle. The average scanning time was 18 min.
Image analysis was performed on a personal computer using in-house developed software (CMR tools Royal Brompton and Harefield NHS Trust, London, U.K.). End-diastolic and end-systolic images were chosen as the maximal and minimal mid-ventricular cross-sectional areas in a cinematic display. Short axis end-diastolic and end-systolic endocardial borders were traced manually for each slice. These areas were multiplied by the slice thickness (10 mm) and added together to obtain the end-diastolic volume and end-systolic volume, respectively. Ejection fraction (%) was calculated as left ventricular stroke volume (equal to enddiastolic volume end-systolic volume) divided by the left ventricular end-diastolic volume. Papillary muscles were excluded from the volume measurements. Care was taken not to include atrial slices at end-systole secondary to apical movement of the base of the heart during left ventricular contraction.
To reduce variability, all the echo, radionuclide ventriculography and cardiovascular magnetic resonance images were analysed by one respective core lab investigator (M.B., D.J.P., N.G.B., respectively) who was blinded to the results of the other techniques.
Retrospective analysis of published data
A computer-assisted Medline search for published articles comparing ejection fractions by 2D echo radionuclude ventriculography cardiovascular magnetic resonance was performed. For inclusion the studies had to directly compare the mean ejection fraction or quote agreement by Bland-Altman or equivalent analysis. Studies that only quoted correlation coefficient were not included.
Results
All 52 patients underwent 2D echo and were included according to the criteria that they had an adequate echo window to provide wall motion data. However, the echo core laboratory subsequently judged that only 45 (86%) had sufficient image quality to obtain left ventricular ejection fraction by the M-mode echo method, and 36 (69%) by 2D Simpson's biplane analysis. One patient underwent echo and cardiovascular magnetic resonance but withdrew from the study prior to having their radionuclide ventriculography. All 52 patients studied tolerated the cardiovascular magnetic resonance, and all cardiovascular magnetic resonance scans were analysable.
Comparison of ejection fraction
The mean left ventricular ejection fraction by the M-mode cube method was 39 16% and 29 15% by the Teichholz M-mode method. The mean left ventricular ejection fraction by 2D echo Simpson's biplane was 31 10%, by radionuclide ventriculography was 24 9% and by cardiovascular magnetic resonance was 30 11%. The mean data from all the techniques is shown in Table 1 . All the mean left ventricular ejection fractions by each technique were significantly different from all other techniques (P<0·001), except for cardiovascular magnetic resonance ejection fraction and 2D echo ejection fraction by Simpson's rule (P=0·23) ( Table 2) .
The correlation, mean difference and Bland-Altman plots for the left ventricular ejection fraction by the three techniques are illustrated in Table 2 . The Bland-Altman range encompassing 4 SD was widest for both cardiovascular magnetic resonance-cube M-mode echo and cardiovascular magnetic resonance-Teichholz M-mode echo at 66% each, and was 58% for radionuclide ventriculography-cube M-mode echo, 44% for cardiovascular magnetic resonance-Simpson's 2D echo, 39% for radionuclide ventriculography-Simpson's 2D echo, and narrowest at 31% for cardiovascular magnetic resonance-radionuclude ventriculography (Fig. 2) .
Comparison of volumes
The end-diastolic volume and end-systolic volume by Simpson's biplane 2D echo and cardiovascular magnetic resonance revealed very wide limits of agreement (52 ml to 216 ml and 11 ml to 188 ml respectively) ( Table 3) , despite relatively good correlation.
Discussion
In view of the important prognostic and therapeutic implications of both cardiac volumes and ejection fraction, as well as the increasing availability and use of cardiovascular magnetic resonance, it is important to know how interchangeable are the results obtained from echo, radionuclide ventriculography and cardiovascular magnetic resonance. The mean ejection fraction by each technique was shown to differ significantly from the other techniques in all but the cardiovascular magnetic resonance-Simpson's biplane 2D echo comparison. Although there was no significant difference between the mean ejection fractions in this last group, the Bland-Altman plot reveals wide limits of agreement for this and all groups. These wide limits of agreement are consistent with previous studies (Table 4 ) but this represents the first comparison of 2D echo, radionuclide ventriculography and the current standard cardiovascular magnetic resonance analysis in patients with 
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chronic, stable heart failure. The results suggest that an assessment of ejection fraction by one method cannot be assumed to be universal. Although some discrepancy exists, most of the published data on comparison of these techniques would suggest that, irrespective of the patient population studied, cardiovascular magnetic resonance tends to give a higher ejection fraction than radionuclide ventriculography and echo gives a higher ejection fraction than either cardiovascular magnetic resonance or radionuclide ventriculography (Table 4) .
Echo is widely used in large trials within the heart failure population but is considerably disadvantaged by the reliance on geometric assumptions. These do not hold true as the left ventricle undergoes progressive dilatation in heart failure. As the left ventricular volume increases the left ventricle becomes more spherical and the relationship between length and diameter is altered [31] . As a result, as the left ventricle diameter increases, the 95% confidence interval of prediction of left ventricular volume from the diameter rapidly increases [33] . Echo is also unreliable in the presence of regional asynergy, as it assumes that the area where the echo measurements are taken is representative of the entire left ventricle [9, 34] . The Simpson's biplane 2D echo method is regarded as more accurate than M-mode methods [35] , but it still extrapolates data from a limited sampling of the left ventricle. In clinical practice the biplane method is often not used as it is time consuming and even more dependent on good endocardial border definition. Our study is consistent with this, in that 86% of patients had images of sufficient quality to be analysed by M-mode echo, compared to 69% for the 2D Simpson's biplane method. Echo also suffers from errors introduced by gain-dependent edge identification and transducer position during imaging. These sources of error may contribute to the difference between echo and [17] 55 Mixed 1 > 7·0 0·93 15·5 12·2 2 7 ·7 Starling et al. [46] 59 1 10·3 0·81 26·2 15·4 4 1 ·6 Naik et al. [22] 25 Mixed 1 5·6 0·93 11·6 11·5 2 3 ·2 Ray et al. [44] 99
Post MI 1 > 11·0 8 35 43 Senior et al. [47] 49
Post MI 1 < 5·9 1 2 ·2 11·4 3 3 ·6 Bellenger et al. [12] [50] 32 DCM 5 > 0·91 7 4 1 1 Mogelvang et al. [48] 22 IHD 1 < 0·87 Underwood et al. [26] 5 < Bellenger et al. [12] 26 IHD 4 < 7·5 0·7 1 8 ·9 10·5 2 9 ·4 Bloomgarden [49] 4 < *1=2D echocardiography using Simpson's biplane method. 2=M-mode echo using American Society of Echocardiography recommendations. 3=Cardiovascular magnetic resonance using either transverse slices or four short axis slices with four SA slices in subsequent extrapolation to fit the entire left ventricle. 4=Cardiovascular magnetic resonance using contiguous breath-hold short axis slices that encompass the entire left ventricle. 5=Cardiovascular magnetic resonance using spin echo short axis slices.
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both radionuclide ventriculography and cardiovascular magnetic resonance. Furthermore, they may explain why the Bland-Altman limits of agreement between the cube M-mode echo and Simpson's 2D echo method were 14·6 to 31·7% in this study. Radionuclide ventriculography suffers from poor resolution, the need for background correction and errors from overlapping structures. radionuclide ventriculography analysis is also centre dependent, with the lower limit of the normal range of ejection fraction ranging from 35% to 75% [36] . Cardiovascular magnetic resonance, by comparison, acquires high resolution tomographic images that are free of geometric assumptions, without the need for ionizing radiation. Cardiovascular magnetic resonance has been shown to be both accurate and reproducible in both normal and dilated hearts [13, 15, 37, 38] . This, together with the limitations of echo and radionuclide ventriculography, would suggest that cardiovascular magnetic resonance is the method of choice for the evaluation of left ventricular volumes and function, especially in dilated hearts. Gated SPECT can also be used to measure volumes and ejection fraction in the heart either with a manual analysis [39] , or with an automated analysis programme [40] . One study using automated analysis showed a reasonable correlation of volumes and ejection fraction derived from gated SPECT compared to cardiovascular magnetic resonance, although the limits of agreement were wide, with non-zero differences between the techniques (systematic bias) [41] . Comparisons with other techniques, such as first pass radionuclide ventriculography similarly show wide agreement limits and systematic bias in volume estimation [42] . The inter-study reproducibility of ejection fraction measurements with gated SPECT is good [43] . More experience is required with this technique before its clinical application compared with cardiovascular magnetic resonance can be defined.
While these problems of each technique may explain the difference, the choice of technique used is often governed more by the availability of local resources and the important practical issue may not be which method is better, but that the techniques do not provide comparable results [44] . If a cut-off figure for ejection fraction is used for risk stratification or as a guide to treatment, the differing techniques will have considerable impact on who is treated, with both clinical and financial consequences. Naik et al. [22] argued that because a patient with an ejection fraction of 40% could have an ejection fraction of between 20 and 60% by radionuclide ventriculography, a second method could be used to provide more confidence in the estimate. Alternatively, if cardiovascular magnetic resonance offers greater accuracy and reproducibility [12, 15] , in one examination, albeit at greater initial cost, then there may be arguments to suggest that one cardiovascular magnetic resonance scan would provide a more cost effective assessment. The important difference between the reproducibility of cardiovascular magnetic resonance and other techniques is highlighted by the number of patients required to detect a clinical change. For example, Bottini et al. [45] found that to detect a 10 g difference in mass with a power of 90% and an error of 0·05 would require 505 patients by echo and 14 by cardiovascular magnetic resonance.
Study limitations
Variability can occur in both the acquisition and the analysis of data. Errors in acquisition were minimized by following standard guidelines and by ensuring that the same investigator performed all the data acquisition for one technique for each site. As both the echo and radionuclide ventriculography data were acquired by two centres, the potential exists for greater variability of acquisition than for the cardiovascular magnetic resonance that was acquired at only one site; however, both centres had considerable experience with both imaging techniques. Variability in analysis was minimized by the use of core laboratories. Despite this, the use of taped echo data rather than on-line or digital analysis may have had a detrimental effect on echo quality, compared to the digital MR data.
The patient population was selected by the fact that the CHRISTMAS study required adequate echo views for wall motion analysis. In studies not requiring wall motion analysis, worse image quality may be accepted, which may result in even greater difference between echocardiography and the other imaging modalities.
Conclusion
These results suggest that ejection fraction measurements by various techniques are not interchangeable. The conclusions and recommendations of research studies in heart failure should therefore be interpreted in the context of locally available techniques. In addition, there are very wide variances in volumes and ejection fraction between techniques, which are most marked in comparisons using echocardiography. This suggests that cardiovascular magnetic resonance is the preferred technique for volume and ejection fraction estimation in heart failure patients.
